Silicon is a widely researched material for the anodes of lithium-ion batteries due to its high practical charge capacity of 3600 mAh g −1 , which is ~ 10 times the specific capacity of conventional graphitic materials. However, silicon degrades rapidly in use due to its volumetric changes during charge/discharge of the battery, which makes it necessary to use complicated or costly methods to ameliorate capacity loss. Here, we report a novel silicon anode fabrication technique, which involves winding an aligned carbon nanotube (CNT) sheet and commensurately infiltrating it in situ with an aqueous solution containing silicon nanoparticles and hydroxypropyl guar binder. The resulting infiltrated felts were processed, evaluated, and compared to conventional silicon-carbon black anodes with the same carbon, silicon, and binder content as a proof of concept study. The felts had a large initial reversible capacity and promising rate capability. It is likely that the conductive CNT structure improved the charge transfer properties while lessening the effects of silicon volumetric expansion during lithiation. The results demonstrate that this novel anode fabrication method is viable and may be explored for further optimization.
Introduction
Since their commercialization in 1991, lithium-ion batteries (LIBs) have had an increasing presence in consumer devices, from personal electronics to the next generation of electric vehicles. Their combination of high-cell voltage, high-specific energy (energy density), and high efficiency make LIBs excellent energy storage devices. Standard LIB anodes are fabricated in roll-to-roll processes where a slurry of active material, conductive additives, and binder are cast onto a conductive substrate, such as copper, and dried. Most LIB anodes today utilize various forms of carbon as an active material, most commonly graphitic carbon, which have a theoretical capacity of 372 mAh g −1 . Silicon is a potential charge-storage material due to its high practical specific capacity, about 3600 mAh g −1 [1, 2] . However, silicon forms intermetallic complexes with lithium, resulting in large volumetric expansion and contraction during lithiation and delithiation, respectively. This process induces internal stresses in the a-Li x Si phase and along the lithiation phase boundary, which inevitably leads to fracture during cycling; this cyclic process in turn causes recurrent solid electrolyte interphase formation, consuming lithium and resulting in capacity decrease and cell failure. In addition, silicon is a poor conductor so it must be coupled with conductive additives, typically carbonaceous in nature, to facilitate electron conduction from the silicon to the current collector.
Current methods of counteracting the aforementioned disadvantages associated with silicon include silicon nanowires [3] [4] [5] [6] [7] , elaborate porous structures [8] [9] [10] , and intricate C-Si composite structures [11] . While these studies have demonstrated excellent electrochemical cycling performance, they typically utilize expensive techniques or approaches with scalability concerns. In addition, some methods use toxic chemical precursors such as silane. In contrast, this study explores a novel method to fabricate silicon anodes that uses a facile in situ infiltration technique with an aqueous infiltration solution containing binder and silicon nanoparticles. Although this study did not seek to optimize anode composition or infiltration technique, the results are promising. If improved and refined, the anodes fabricated via this technique may offer comparable cycling performance compared to other silicon-containing anodes.
One of the most common conductive additives used in LIBs is carbon black due to its relatively low cost, tailorable surface area, and good conductivity ranging from 2.5 to 20 S cm −1 [12] . Carbon nanotubes (CNTs) may also be used as conductive additives; their sp 2 -hybridized orbitals serve as excellent conductive pathways for electrons and CNTs can exhibit conductivity on the order of hundreds of S cm −1 depending on their configuration (i.e., aligned CNT mats, CNT powders, surface functionalized CNTs, etc.) [13] [14] [15] . Not only do they offer excellent conductive properties, they can also offer better mechanical strength properties compared to carbon black. A vertically grown CNT array has been developed [16, 17] wherein the CNT density has been optimized to facilitate a mat winding process. The CNT mat's through-plane conductivity is on the same order as that of carbon black [18] and this winding process has been the object of several studies that infiltrate or coat the CNTs with resin or various active materials [13, [19] [20] [21] [22] [23] .
The present study also investigates a novel binder for the anode, hydroxypropyl guar gum (HPG). Prior work [24] [25] [26] on native guar gum found that it is an effective binder in LIB anodes while its cost is on the same order of magnitude, if not less than, of conventional binders such as polyvinylidene difluoride and carboxymethyl cellulose. To aid silicon nanoparticle dispersion in the aqueous-alcohol infiltration solution used in this study, HPG, a modified derivative of guar gum with improved alcohol solubility, was employed as the binder. HPG is composed of a mannose backbone with galactose side chains (Fig. 1) . HPG differs from native guar in that hydroxypropyl groups are substituted onto existing hydroxyl sites.
The hydroxyl groups ensure a robust hydrogen bond between the HPG and the functional groups typically found on the native oxide layer of silicon nanoparticles. Other studies have shown that native guar gum is also capable of conducting lithium ions with a maximum conductivity of 2.2 × 10 −3 S cm −1 at 303 K [27] .
Experimental

Materials
The CNT arrays were grown on quartz substrates via chemical vapor deposition with iron(II) chloride (FeCl 2 ) catalysts [17, 28] . The quartz substrates along with the FeCl 2 powder were sealed in a quartz tube and placed in a vacuum furnace. The furnace was pumped to below 1.3 kPa and heated to 760 °C. Acetylene (600 sccm), argon (395 sccm), and chlorine gas (5 sccm) were fed into the furnace for 20 min; the resulting CNT array consisted of a dense forest of 1-mmlong CNTs that could be drawn into a continuous CNT sheet.
The silicon was sourced from Alfa Aesar (average particle size ≤ 50 nm, 98%, laser synthesized from vapor phase). HPG was first refined before use to remove high-molecular weight, insoluble material. Approximately ~ 1 wt% HPG was dissolved in DI water and centrifuged at 5000×g for 1 h to remove high-molecular weight material; the solution was decanted and dried at 50 °C overnight in air and the resulting purified HPG was ground into powder.
Anode fabrication
Aligned CNT sheets were infiltrated with an aqueous solution containing silicon nanoparticles and HPG binder as the first step of the fabrication process. The aqueous infiltration solution was prepared by dispersing HPG in a 55:45 volumeratio mixture of de-ionized water (18.2 MΩ cm, Millipore) and isopropyl alcohol (IPA, Fisher Scientific), respectively. Silicon was then dispersed in the premixed HPG-solvent solution via sonication for 1 h.
Before infiltration, a PTFE mandrel was covered with a polytetrafluoroethylene (PTFE) sheet and two dry layers of CNT sheets were wound onto the mandrel from a CNT array (received as grown on a quartz slide) as shown in Fig. 2 [29] .
The CNT felt was infiltrated during the winding process with the infiltration solution containing the active material and binder in similar fashion to previous studies [13, 21, 30] . Due to the novel nature of this study, the experimental anode compositions (carbon, silicon, and binder contents)
were determined by ease of handling rather than by conventional silicon anode compositions. Silicon loading was set at 0.75 mg cm −2 while anode composition was set as 55 wt% silicon, 35 wt% CNTs, and 10 wt% HPG binder (composition denoted as 55/35/10). The CNT felts were removed from the mandrel and allowed to dry (Fig. 3a) and unrolled (Fig. 3b) before being cut into 1.11-cm-diameter anode disks (Fig. 3c ) and dried in a vacuum oven at 100 °C overnight and used without further treatment.
The control samples were fabricated with a standard slurry mixing and doctor blade casting procedure. Following the 55/35/10 composition, the control samples contained 55 wt% silicon, 35 wt% carbon black in lieu of CNTs, and 10 wt% HPG binder. The slurry was mixed for 20 min with a Silverson L4RT High Shear Mixer at 7000 RPM and then cast onto copper foil with a doctor blade set at 70-μm thickness. The samples were partially dried in air overnight and anodes were punched out into 1.11-cm-diameter disks. The disks were then consolidated on a hydraulic press to 140 MPa and finally dried in a vacuum oven at 100 °C overnight.
Physical characterization
An EXSTAR6000 TG/DTA 6200 was utilized to determine anode composition via thermal decomposition in air. A FEI Verios 460L field-emission scanning electron microscope was employed to elucidate the anode structure and to determine silicon dispersion throughout the structure.
Electrochemical evaluation
Coin cells were primarily evaluated with galvanostatic cycling with potential limitation using a Biologic VMP3 16-channel potentiostat. Samples were cycled from 10 mV to 1.0 V versus Li/Li + and C rate was calculated from a 3600 mAh g −1 specific capacity. To assure reproducibility, at least four coin cells were measured with each evaluation method. Lifetime cycling evaluation was performed at a 0.2 C rate for 100 cycles, while rate-capability assessment was performed at 0.2, 0.5, 1.0, and 2.0 C rates for 10 cycles each, corresponding to 720, 1800, 3600, and 7200 mA g −1 , respectively.
Results and discussion
To verify anode composition, the infiltrated felts were examined via TGA. Samples were heated from room temperature to 800 °C in air at a rate of 10 °C min −1 . Due to the different thermal degradation temperatures of the anode constituents, it is possible to extract composition information based on relative weight loss at different temperature ranges. Figure 4 displays three distinct plateaus during the thermal decomposition of CNT-Si and CB-Si samples corresponding in increasing temperatures to binder decomposition, carbon oxidation, and remaining silicon content; the TGAs confirm the weight composition of approximately 55% silicon, 35% carbon, and 10% binder in both CNT-Si and CB-Si samples. The SEM image in Fig. 5 illustrates the structure of the CNT-Si samples with SiNP clusters nested between the individual CNTs. The CNT diameters closely match those reported in previous work [17, 28] .
Lifetime cycling
The CNT-Si samples had an average first-cycle reversible capacity of about 2200 mAh g −1 (Fig. 6a) , while the CB-Si samples had a higher average first-cycle reversible capacity of 2800 mAh g −1 (Fig. 6b) . We posit that this difference in reversible capacity stems from a better SiNP dispersion in the CB-Si precursor slurry. A finer SiNP dispersion and thus a higher accessible active surface area can account for a higher initial specific capacity. Both CNT-Si and CB-Si samples had high first-cycle coulombic efficiencies (CE%) of 86 and 80%, respectively. While similar studies utilizing FEC as a co-solvent and a GG binder achieved high firstcycle CE% values [24, 26] , other studies on silicon anodes employing FEC and conventional silicon anode binders such as sodium alginate and carboxymethyl cellulose reported high first-cycle CE% values as well [31] [32] [33] [34] . Thus, the high first-cycle CE% values measured in this study may be attributed to the use of FEC as a co-solvent in the electrolyte. Furthermore, because the first-cycle CE% values are comparable to those of studies with conventional binders, it demonstrates that HPG may be another viable binder for use in silicon anodes.
Compared to the CNT-Si samples, the CB-Si samples experienced more rapid capacity loss and began underperforming CNT-Si samples around cycle 10 and thereafter. After 100 cycles, the average CNT-Si sample specific capacity was ~ 1100 mAh g −1 , equal to a capacity retention of approximately 51%; average CB-Si sample specific capacity was ~ 700 mAh g −1 , a 26% capacity retention. Both CNT-Si and CNT-CB samples had CE% values above 99.5% at 100 cycles. The improvement in capacity retention experienced by the CNT-Si samples may be attributed to a larger internal porosity in the CNT-Si samples compared to the CB-Si samples because mechanical consolidation was not needed in the former to ensure a good ohmic contact with the current collector. Although anode porosity reduces volumetric energy density, it can accommodate the volumetric swelling and shrinking effects associated with silicon. Further process refinement can optimize this variable to balance volumetric energy density with anode performance.
Post-mortem SEM images (Fig. 7) illustrate the crosssection morphology of the infiltrated CNT-Si mats after 100 cycles at 0.2 C rate. There are no large CNT bundles visible, indicating that the infiltration solution was effective at uniformly wetting the CNT felt during infiltration.
Rate capability
The data indicate that the CNT-Si samples performed equal to or better than CB-Si samples in rate capability (Fig. 8 and Table 1 ) except at the lowest rate. Both CNT-Si and CB-Si samples retain about the same capacity at 0.5 C (62 and 59% respectively), but CB-Si samples performed worse at higher discharge rates, retaining 17 and 2% capacity compared to 30 and 6% retained by the CNT samples at the same respective discharge rates of 1.0 and 2.0 C. Improvement in rate capability performance in the CNT-Si samples may It may also be possible to improve rate capability by adjusting the silicon-binder ratio. It has been suggested that higher binder content can improve rate capability stemming from a greater electrolyte quantity in the electrode [24] . The corresponding trade-off is that higher binder content reduces volumetric energy density. Higher binder content has also been experimentally linked to reduced lifetime capacity retention; it is possible that thick binder films encapsulating the SiNPs cannot accommodate the volumetric expansion and shrinking effects as well. Figure 9 illustrates the differential capacity behavior of the CNT-Si samples during cycling and the corresponding peak potentials are listed in Table 2 ; the peaks correspond to a specific lithium alloying reaction with silicon and they have been replicated in other studies with silicon-containing anodes [22, 34] . Peak L,1 of cycle 1 corresponds to the conversion of crystalline silicon (cr-Si) into amorphous Li 3.75 Si (a-Li 3.75 Si) while L,1 peaks in later cycles denote the alloying reaction a-Si + 2.0Li → a-Li 2.0 Si. Peak L,2 denotes the further lithiation of the a-Li 2.0 Si phase into a-Li 3.75 Si. Peaks 3,D and 4,D represent the delithiation phase transformation of a-Li 3.75 Si → a-Li 2.0 Si + 1.75Li and a-Li 2.0 Si → a-Si + 2.0Li , respectively [34] . This confirms that the anodes fabricated with the present novel method and binder do not undergo any undesirable lithiation and delithiation reactions. Differential capacity peak shifting has been observed before and has been attributed to improved electrode reactivity [11] .
Differential capacity
Conclusion
This study presented a new method of fabricating siliconcontaining LIB anodes via a simple infiltration-based process. CNTs were wound into a mat and an aqueous solution containing dispersed silicon nanoparticles and a dissolved HPG binder were infiltrated concomitant with the winding process. The resulting infiltrated CNT-Si anodes were characterized and compared to CB-Si control samples containing carbon black as a conductive additive instead of CNTs. The CNT-Si samples outperformed the CB-Si anodes in lifetime cycling and matched the CB-Si anodes in rate capability. Although the CB-Si samples had a higher initial specific capacity, they experienced a much faster capacity fade as compared to the CNT-Si samples. While the CNT-Si anodes showed promising results, opportunity remains for significant improvement. The focus of this study was to explore a novel silicon anode fabrication technique, and follow-up work is planned to correlate anode structure with device performance and optimize the infiltration process to improve performance. 
